Soil and groundwater are key components in the sustainable management of the subsurface 28 environment. Source contamination is one of its main threats and is commonly addressed using 29 established remediation techniques such as in-situ chemical oxidation (ISCO), in-situ chemical 30 reduction (ISCR; most notably using zero-valent iron [ZVI]), enhanced in-situ bioremediation (EISB), 31 phytoremediation, soil-washing, pump-and-treat, soil vapour extraction (SVE), thermal treatment, 32 and excavation and disposal. Decades of field applications have shown that these techniques can 33 2 successfully treat or control contaminants in higher permeability subsurface materials such as sands, 34 but achieve only limited success at sites where low permeability soils, such as silts and clays, prevail. 35 Electrokinetics (EK), a soil remediation technique mostly recognized in in-situ treatment of low 36 permeability soils, has, for the last decade, been combined with more conventional techniques and 37 can significantly enhance the performance of several of these remediation technologies, including 38 ISCO, ISCR, EISB and phytoremediation. Herein, we discuss the use of emerging EK techniques in 39 tandem with conventional remediation techniques, to achieve improved remediation performance. 40
Introduction 46
Soils, sediments and aquifers are fundamental bases for global environmental sustainability and 47 fresh water reserves (98-99%) occur in the subsurface; this means that 8-10 million km 3 of 54 freshwater is contained or in direct contact with rock and soil (Margat, 2008; Shah et al., 2007) . In an 55 increasingly populated and urbanized world, pollution is widely recognized as a significant challenge 56 to soil and groundwater resources management (FAO, 2003) . Efforts to quantify groundwater 57 pollution (Giuliano et al., 1998; Zaporozec, 2002) are scarce and the actual scale of the problem is not 58 well known. Point-source pollution (i.e., the source of many groundwater plumes) is often difficult to 59 accurately locate and address, as depicted in Figure 1 technique to address groundwater contamination without requiring soil excavation (Innocenti et (Zhang et al., 2015) . Despite electric energy being at the base of the 256 technique, the sustainability score for EK approaches is high, as the consumption of renewable 257 resources, such as water, is low, use of electricity is small compared to other techniques, it generates 258 minimal waste, and has limited impact on local surface activities. Recent field applications have used 
EK Enhancement of Traditional Approaches 263
Bioremediation presents a number of limitations, including the need to control abiotic conditions, 264 mass transfer challenges, bioavailability, bioaugmentation and potentially high operation or long-265 term re-application costs (Vidali, 2001) (Table 1) and then switches to AC to slightly increase the soil and groundwater temperature in the treatment 319 zone (<40⁰C) to activate the persulfate. 320
321
Remediation of fine grained soils contaminated with metals has historically been performed through 322 landfilling (Reddy, 2010) . Landfilling costs are generally higher and less sustainable in the long-term 323 than any in-situ soil remediation (Table 1) In a porous water saturated material, particles typically carry a surface charge that is compensated 417 by the Electric Double Layer (EDL). As electric fields are imposed to this material, a faradaic current 418 is induced which is responsible for electromigration of the unbound aqueous species in the pore 419 water. However, because a conductivity difference exists between the outer part of the EDL and the 420 free pore solution, that outer part -the Diffuse Double Layer (DDL) is compressed while the electric 421 field is applied, leading to a potential difference which adds to the redox potential of the system and 422 can contribute to its reactivity. This EK induced DDL phenomenon has been explored in a laboratory 423 study of Cr(VI) reduction in clay. It showed that a 0.6 mA/cm2 applied current was able to increase 424 the reduction rate of the system by a factor of 5 (Sun et al., 2015) . While only Cr(VI)/Cr(III) and shows where, within the subsurface or underground, which EK-enhancement would be better suited. 951
Scheme 1 (middle frame) represents the combination of EK with phytoremediation. Scheme 2 (right 952 frame) summarizes how EK would enhance/transport/aid bioremediation, ISCO and nZVI applications. 953 
